The U^Th/He system can potentially be used for dating volcanic rocks with ages as young as a few thousand years and as old as several million years, thus providing a valuable supplement to radiocarbon and K^Ar dating. Garnet phenocrysts from the 79 AD eruption of Mt. Vesuvius were dated to evaluate the accuracy with which the necessary measurements and corrections can be made. The determined age, corrected for diffusive loss of He, alpha ejection, and initial U-series disequilibrium, is 1885 þ 188 yr which compares well with the known age of 1923 yr. U and Th concentrations were measured by isotope dilution on different aliquots than were used for He concentration measurements.
Introduction
Determining the age of geological events that have occurred within the past million years is still a challenge in many circumstances [1^3] . Radiocarbon is applicable to ages less than about 40 000 years, but only where organic carbon is present. Despite considerable progress, few techniques are broadly applicable and reliable for ages beyond the 14 C limit but still within the late Quaternary time period. Advances in the sensitivity of Ar^Ar dating have made the technique applicable in some circumstances down to ages of a few thousand years [4, 5] . Other techniques that can be used in favorable circumstances include U^Th disequilibrium [6, 7] , cosmogenic nuclide dating of surfaces [8] , and ion microprobe measurements of zircon [9] . The U^Th/He method, ¢rst proposed by Rutherford in 1905 [10] , has considerable potential for dating Quaternary events. The technique was investigated many years ago but abandoned when the initial evaluations produced ages that were anomalously young [11] . Recently, the method has been re-evaluated with modern instrumentation and appropriate models for data reduction [12^16] . Noble gas mass spectrometers and sample preparation lines designed for helium isotope analyses now have a low enough background that samples as young as 1000 years with as little as 1 ppm U could be datable. Work on the U^Th/ He technique has so far focused primarily on U^Th-rich minerals, such as apatite and titanite, from which a great deal has been learned regarding helium di¡usivity, closure temperatures, and 4 He loss and/or gain associated with the ca. 20 Wm range of the 4^8 MeV alpha particles released during decay [13^15] . Complementary di¡usion studies have been directed at investigating the He retentivity of olivine, pyroxene, and garnet to determine the extent of preservation of noble gas isotopic signatures [17^20] . The indications are that the U^Th/He system should be a viable tool for dating young volcanic rocks that contain apatite, titanite, and possibly other minerals. The low closure temperatures of apatite and zircon make them ideal for studying the low temperature thermal history of young igneous rocks. Zircon has been used to determine the eruption age of a sample that has a well-constrained thermal history [21] . However, most volcanic rocks do not contain minerals that have been previously used for U^Th/He thermochronology, and the He retentivities of volcanic minerals are not well documented.
The goal of this study is to investigate the viability of applying the U^Th/He dating method to Quaternary volcanic rocks. The approach is to determine the age of historical lava of known age. Several issues need to be addressed in order to evaluate the method. For very young rocks with low U and Th, background interference related to the mass spectrometric methods could be signi¢cant. More generally, there may be substantial corrections that must be applied to account for trapped helium, helium di¡usion, alpha ejection, and U-series disequilibrium. It is unknown whether these corrections can be done su⁄ciently accurately to obtain useful age information.
We present He concentration data, U and Th concentration data, U and Th isotopic data, and U and Th distribution data for phenocrysts of garnet from the 79 AD eruption of Vesuvius [4] . The age of this eruption, which was responsible for destroying the town of Pompeii, is well established and at the time of the current work is 1923 yr. Our data are used to produce an age determination by incorporating models for di¡usion and alpha ejection, and data on U-series isotopic disequilibrium. The activation energy and frequency factor for He di¡usion in the garnet phenocrysts is also measured, as well as the intragrain distribution of U and Th documented. Initially, we intended to use the garnet phenocrysts to establish the age limits of the U^Th/He technique for minerals with low U and Th concentrations (V1 ppm) and high helium retentivity, because garnet crystals normally are U-and Th-poor. However, the Vesuvius garnets have high U and Th concentrations (V20 ppm). Addressing the geochronological value of minerals with low U and Th concentrations remains a problem for future work.
Samples and analytical techniques
Garnet grains were separated from white pumice [4] using magnetic separation, gravitational separation and handpicking techniques. The samples were sieved to 500^1000 Wm in maximum dimension. The sample was divided into ¢ve aliquots totaling 4 g. Two aliquots were used for helium concentration measurements. A third aliquot was used to measure helium di¡usivity. The remaining aliquots were subdivided and used for U, Th, and Ba concentrations, U and Th isotopic data, major element analysis, and a grain mount for studying the U, Th distribution within a garnet crystal using ion microprobe techniques.
To measure both the initial or trapped helium and the radiogenic helium, three separate aliquots of garnet were used. The initial or trapped helium component was isolated by in vacuo crushing of a 0.5 g sample for 5 min using a manual mortar and pestle attached to a vacuum line. Two 1 g aliquots of garnet grains contained in aluminum capsules were heated in a furnace to determine the radiogenic helium component. The heating procedure included holding the samples for 30 min at 1500 ‡C; the total heating and cooling time was 1 h. A second extraction was done at 1650 ‡C to determine whether all of the helium had been released.
The heating procedure used was based on previous work [20] that suggests a closure temperature of 1100 ‡C for (Ca-poor) garnet. Because of the high closure temperature, which we assumed would apply to our sample, complete extraction requires heating to a temperature well above the closure temperature and into the melting range. Consequently we were unable to retrieve the samples after He extraction, which necessitated using separate aliquots for the U and Th concentration determinations [20] . To investigate the di¡usion characteristics of the Vesuvius garnets a separate aliquot (V1 g) was outgassed over 7 temperature steps ranging from 600 ‡C to 1300 ‡C, with a ¢nal 1500 ‡C step for complete extraction. Extraction temperatures were established with an accuracy of þ 10 ‡C using a thermocouple in contact with the heated crucible. After extraction, the released gases are puri¢ed on a series of getters, and a small aliquot is admitted to the mass spectrometer for analysis of all the noble gases to determine relative abundances. The remaining puri¢ed noble gas fraction is adsorbed onto a charcoal trap held at 30 K. The activated coconut charcoal used in the trap has a He adsorption e⁄ciency of 89 þ 7% at 30 K. Following an adequate adsorption time, the trap is heated to 40 K, releasing the adsorbed He, which is expanded into the mass spectrometer for analysis. Adsorption on the charcoal trap introduces some uncertainty to the measured He amounts, but eliminates uncertainties that would come from estimating the volumes of the sample puri¢cation and mass spectrometric systems. The trap also improves the procedural sensitivity by approximately a factor of three. The isotopic and abundance analyses were made using a VG5400 mass spectrometer equipped with a Faraday cup and an electron multiplier operated in ion pulse-counting mode. The abundance measurement was calibrated using an aliquot of air and a reference sample of He as standards run before and after the set of samples. Procedural blanks for the furnace extractions were V5U10 311 cm 3 STP and signi¢cant only for the re-extraction analyses.
The helium concentration data are corrected for procedural blanks measured prior to each sample analysis. The 4 He blanks were typically 6 15% of the total helium. The tabulated 1c errors in the 4 HeV31.65 Ra, blank corrected). In calculating the He concentrations, we corrected the fusion data for trapped helium by subtracting the blank-corrected total 4 He released during crushing from the total 4 He released during sample fusion for each fused split.
For the uranium and thorium concentration and isotopic measurements, V30 mg splits of garnet and crushed whole rock were dissolved in a nitric-HF mixture. Aliquots of the dissolved samples were spiked with 229 Th and 233 U. Unspiked aliquots were analyzed for 234 U/ 238 U and 230 Th/ 232 Th ratios. Isolation of U and Th was accomplished using Tru-Spec column resin following established procedures [22] . Uranium and thorium isotopic compositions of spiked and unspiked aliquots were measured on a Micromass IsoProbe, MC-ICPMS. Samples were introduced to the instrument using a CETAC Aridus desolvation system. For spiked samples, mass fractionation was corrected using bracketing measurements of a natural uranium in-house standard. The estimated uncertainty in the measured concentrations is 6 0.5%. 234 235 U/ 238 U of the sample was used for internal mass fractionation correction. Measurements of a secular equilibrium U inhouse standard provided calibration of the ioncounting system. The ion-counting system is situated behind a wide aperture retarding potential ¢lter, providing an abundance sensitivity (mass 237 compared to mass 238) of better than 100 ppb. Measured 230 Th/ 232 Th was combined with Th and U concentrations to provide 230 Th/ 238 U activity ratios. Ba was measured in dissolved splits of garnet and powdered whole rock by standard ICP-AES techniques. Uranium, thorium, and barium results are given in Table 2 . The U and Th concentrations were also measured by ion probe to determine the level of homogeneity within garnet grains, because alpha recoil corrections are sensitive to the distribution of the parent nuclides within the mineral [21, 23] .
Results

He, U and Th concentrations in garnet
The 4 He concentration in garnet was determined by averaging four di¡erent determinations on separate aliquots of garnet grains ( Table 1 The concentrations of U and Th in the two splits that were measured di¡er by about 15% ( Table 2 ). The Th/U ratio is much less variable, showing only a little more than 1% di¡erence between the two analyses. The results of an ion probe traverse of a garnet grain ( Fig. 1) with a maximum dimension of about 1 mm are shown in Fig. 2 . The U and Th concentration in garnet, determined by ion probe, are 40% lower than the average of the two aliquots that were measured by isotope dilution mass spectrometry. This di¡erence further emphasizes the variability in U and Th concentrations. Considering that the ion probe results represent only one grain, the 40% di¡erence is not inconsistent with the observation that 50^100 grains included in the two aliquots yielded a 15% di¡erence in concentration. More importantly, the ion probe traverse shows no indication that the U and Th concentrations are particularly high or low near the grain edges, which means that an assumption of uniform distribution within the grains for the purposes of estimating recoil and di¡usive losses of helium is adequate. 
Correction for alpha ejection and implantation
The helium concentration measurements must be corrected for the fact that the helium produced by radioactive decay starts out as alpha particles that are ejected from the decaying nuclei with energies of 4^8 MeV. Stopping distances were calculated using range data for pure elemental targets [24] and a garnet composition determined by electron microprobe techniques of Ca 2:87 Mn 0:08 Al 0:97 -Fe 1:27 Ti 0:20 Si 3 O 12 (see [13] ). Alpha emission corrections are based on models for spherical grain geometry and a homogeneous distribution of the parent atoms [25, 13] . Based on the ion probe analyses, the concentrations of the parents do not vary by more than a factor of two, signi¢-cantly less than the order of magnitude variations in parent U and Th needed to a¡ect the ejection calculation [23] . We assume that the concentrations of U and Th in the groundmass are equal to the concentrations measured for the whole rock. The total fractional excess of alphas in the garnet grains is calculated to be F T = 1.001 þ 0.005. The alpha ejection correction is therefore insigni¢cant, considering the other sources of uncertainties in He, U, and Th concentrations.
Correction for di¡usive loss of helium
To estimate the di¡usive loss of helium we ¢rst determined the di¡usivity of helium in the Vesu- vius garnets. The helium di¡usivity determination is based on the step-wise degassing of Split A (Tables 1 and 3 ) and the equations for di¡usion from a homogeneous sphere [25] . The data follow an Arrhenius relationship (Fig. 3) . We subtracted the total 4 He released during sample crushing from the 600 ‡C step to calculate the total 4 He released due to heating, and then used the 8001 300 ‡C steps to determine the di¡usivities. Up to the 1300 ‡C step, the di¡usivity remains linear. A least squares regression line, based on the errorweighted data points for the 800^1300 ‡C extractions, yields a value for E a , the activation energy, of 91.31 þ 5.76 kJ/mol and a frequency factor, ln D 0 /a 2 , of 32.00 þ 0.56. The garnet helium concentration is corrected for di¡usive loss [18] assuming a maximum mean annual temperature of 35 ‡C and a calculated D/a 2 = 1.40U10 39 þ 0.086U10 39 for garnets with typical diameters of 1 mm. This value corresponds to less than 1% helium loss over the age of the sample, and is therefore marginally signi¢cant. The error in the di¡usivity of V6% adds additional uncertainty to the fractional loss of helium due to di¡usion, F diff , such that F diff = 0.004. þ 0.0003. A solution to the production^di¡usion equation that includes the e¡ect of alpha ejection from the mineral has also been determined [26] , but we can ignore this e¡ect because the magnitudes of di¡usive loss and alpha ejection are insigni¢cant for the Vesuvius garnets.
Corrections for U-series disequilibrium
The rate of production of helium from alpha decays in the U and Th decay series depends on the concentrations of each of the intermediate daughters as well as on the concentrations of 238 U and 232 Th. If the age of the sample is much greater than the mean life of the longestlived intermediate daughter, then the concentrations of the intermediates can be assumed to ad- (Table 2) , so for these terms the corrections can be made accurately. For the 226 Ra/ 230 Th activity ratio, we have made measurements of the Ba/Th ratios of both garnet and whole rock as a guide, but use available information on crystal residence times [27] to argue that the initial 226 Ra/ 230 Th of the garnet phenocrysts was the secular equilibrium value.
The correction for 230 Th^2 38 U radioactive equilibrium is done using the equation of Farley et al. [21] , which we write in the form:
where :
is the production rate of 4 He expected for a system at U-series radioactive equilibrium, and: [28, 29] . The data (Table 2) indicate that garnet initially crystallized from the Vesuvius magma with a large de¢ciency of 226 Ra relative to 230 Th, because the Ba/Th ratio of garnet is about eight times smaller than that of the whole rock. However, it is common for lavas of the Roman magmatic province to have excess 226 Ra on eruption [27] , so the 226 Ra de¢cit in the garnet relative to the secular equilibrium value probably would have been smaller than suggested by the Ba/Th data. Black et al. [27] also give evidence that typical crystal residence times are greater than 10 4 years, which is several half-lives of 226 Ra. Hence, it is a reasonable assumption that 226 Ra and 230 Th were close to secular equilibrium in garnet at the time of eruption, and therefore no correction beyond that represented by Eq. 1 is necessary.
Age and uncertainty calculations
The calculated age of the garnet sample is determined from the equation:
The measurements of He, U, and Th concentrations determine the factors 4 He and P se (U,Th). As noted above, the correction factors are F diff = 0.004 þ 0.0003, F T = 1.001 þ 0.005 and F dis = 0.498 þ 0.004. The calculated age and uncertainty from this equation is 1885 þ 188 yr and is quite close to the actual age of 1923 yr. Table 4 shows the e¡ects on the calculated age and uncertainty of the three correction factors. The major correction to the age is due to 230 Th/ 238 U disequilibrium, which increases the calculated age by about 50% relative to the raw age.
The uncertainty in the age determination is of considerable interest in that it helps de¢ne the ultimate broader applicability of the technique. The main sources of error are the uncertainties Th ratio were lower (or higher) than the equilibrium value by 20% it would increase (or decrease) the calculated age by about 50 yr. There is a substantial likelihood that the He concentration variations are correlated with the U and Th concentration variations, which would tend to reduce the age uncertainty to a value less than 10% of the age. Adding in all of the potential sources of error, we estimate the overall age and uncertainty based on our analyses as 1885 þ 188 yr, but recognize that the uncertainty might be smaller if the heterogeneity in U and Th concentrations could be eliminated by measurement of He, U and Th concentrations on the same aliquots of garnet.
The age and uncertainty yielded by our U^Th/ He results on garnet are compared in Fig. 4 with Ar^Ar determinations on sanidine phenocrysts [4] . Both the U^Th/He and Ar^Ar ages (1885 versus 1925) are close to the known age of the eruption. The uncertainties are also comparable, insofar as Renne et al. [4] were able to decrease the overall uncertainty of their age by pooling a number of individual analyses. The size of the uncertainties ( þ 6% to þ 10% of the age) are larger than can be achieved with radiocarbon under favorable circumstances, but are more than adequate for many geological applications.
Extrapolating our results to other types of rocks and minerals raises a number of issues that still must be addressed. The data analysis will be somewhat simpli¢ed for rocks that are older than about 20 000 years, because the Ra disequilibrium correction is negligible, and corrections are needed only for U and Th intermediate daughters. For rocks with relatively large amounts of radiogenic helium, the helium concentration can be measured by isotope dilution to a better accuracy [21] , but the uncertainties associated with ejection/implantation and di¡usive loss are likely to be larger. With isotope dilution, one must assume that the sample contains no indigenous (trapped) helium ; that assumption is likely to be inadequate for some volcanic samples in which the trapped component can be as high as 10 37 cm 3 STP/g [30] . In our case, the trapped component accounts for a few percent of the total helium, which is small but still signi¢cant. In general, trapped helium must be accounted for in young samples with low U and Th concentrations. To accurately determine the fraction of radiogenic 4 He, it will be necessary to measure the 3 He/ 4 He ratio in both the crushing and step-heating released helium; therefore isotope dilution techniques will not be viable for these samples.
Conclusions
Garnet phenocryst samples from the 79 AD eruption of Mt. Vesuvius witnessed by Pliny the Younger were dated using the U^Th/He method. The resultant age of 1885 þ 188 yr, which includes a large correction for U^Th isotopic disequilibrium, is within 2% of the correct age and hence indicates that the U^Th/He method is applicable to dating Holocene volcanic samples accurately and with 1c precision of ca. 10%. A signi¢cant source of error in our age calculation comes from measuring U, Th and He on separate aliquots; future work will address this issue. The results presented here are encouraging in that they validate the correction due to U-series iso- topic disequilibrium, but they do not address the e⁄cacy of the di¡usion and alpha ejection/implantation corrections because those corrections are negligible for the samples studied. The Vesuvius garnets are also advantageous in that they combine a high He production rate (from unexpectedly high U and Th concentrations in garnet), and exceptionally good helium retentivity. Other available volcanic phenocryst minerals do not typically have both of these favorable characteristics. On the other hand, the Vesuvius samples are young. Samples with older ages (100 ka to 2 Ma) contain much larger amounts of radiogenic helium for the same amount of U and Th, and radioactive disequilibrium corrections are less important.
